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establishing prediction equations for both the liquid and
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samples selected in a randomized manner. The results of this
series of tests showed good correlation for the liquid limit
and fair correlation for the plastic limit.
The research indicated that the moisture- tension device
shows good promise for predicting the consistency limits.
Additional research should be conducted to further check this
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ABSTRACT
Gadallah, Ahmed Atef. M.S.C.E., Purdue University,
December 1972. Determination of Consistency Limits of
Soils by Moisture Tension Method. Major Professor:
E. J. Yoder.
This thesis presents the results of a laboratory
investigation of the relationship between the consistency
limits and the moisture content as obtained by the
moisture tension method.
Thirty-eight soils from Indiana were used in this
investigation. The ceramic plate apparatus was used for
the moisture tension method. The effect of method of
preparation of soil samples on the moisture tension method
results was evaluated. The reproducibility of both the
standard ASTM test and the moisture tension method
results were studied.
The results of this investigation indicated that a
linear relationship exists between the consistency limits
(LL and PL) and the moisture content, WC-, obtained at
various pressure intensities, (6, 10, 12 and 18 psi)
.
The results of the study strongly suggest that the
moisture tension test can be used on a routine basis for
determining the consistency limits of soils.
INTRODUCTION
The Atterberg Limits have been extensively used for
identifying engineering properties of soils and
specifying quality of base courses. Almost all
specifications for base course materials set some limits
on these constants. In order to get consistent test
results for the liquid and plastic limits and to minimize
the time required for such tests, attempts have been made
either to modify the standard method for determination of
these limits or to correlate the limits obtained by the
standard method with those obtained from a completely
different method.
The moisture tension method (11, 15, 16)* has been
studied as an alternate procedure for estimating the
liquid and plastic limit. It appears that this concept
provides a feasible method for determining the consistency
limits. The results obtained by this method show a
higher degree of reproducibility. The method also permits
expedition in testing as a large number of soil samples
can be tested simultaneously.
*Numbers in parentheses refer to references listed in the
bibliography.
However, there are some limitations relative to the
use of the moisture tension method for determining the
consistency limits. Most studies have evaluated this
technique for estimating just the liquid limit. The use
of this technique for the plastic limit determination and
for the identification of non-plastic soils has not been
fully explored. Also, there is some disagreement relative
to the method of preparation of the test samples. Most
previous studies have utilized textural classification of
soils as a basis for determining the relationship between
moisture tension and liquid limit. Generally, a specific
pressure intensity was recommended for a given soil
textural group.
Further research is needed to investigate the use of
a single pressure intensity for the determination of the
moisture tension-consistency limits relationships for
soils, irrespective of their textural classification.
This would result in making the moisture tension method a
practical tool for estimating the liquid and plastic
limits.
PURPOSE OF THE STUDY
The primary purpose of this study is to establish a
relationship that would permit the prediction of liquid
and plastic limits by the moisture tension method with
the specific objectives of:
1. studying the effect of method of preparation of
the soil samples on the results obtained from the
moisture tension method,
2. investigating the possibility of using a unique
pressure intensity in the moisture tension test
for establishing the moisture tension-consistency
limits relationship for various soil types
regardless of their textural classification,
3. specifying a limit on the moisture content values,
as obtained from the moisture tension method
utilizing a unique pressure intensity, below
which a soil could be classified as non-plastic,
and
4. investigating the possibility of speeding up the
process by analyzing the time factor effect on
the moisture tension test results.
BACKGROUND
Atterberg Limits
Consistency limits were first suggested by A.
Atterberg in 1911 as the moisture content boundaries that
separate different states of a soil-water system. The
liquid and plastic limits were defined as the moisture
content at the upper and lower limits of the moisture
range within which a soil exhibits the properties of a
plastic solid. The soil is said to be in a plastic state
when it has the ability to change shape continuously
under the influence of an applied stress, and to retain
the new shape on removal of the stress. In other words,
the plastic limit is defined as that water content below
which the soil is not plastic when it is worked, and
crumbles on application of^pressure. At the liquid limit
the change is from plastic to flow behavior. The range of
water content over which a soil exhibits plastic behavior
is defined as the plasticity index. The plasticity index
is defined as the difference between the liquid limit and
the plastic limit values.
Since these limits and related indices have proved to
be very useful for soil identification and classification,
many investigations have been conducted to relate the
consistency limits to other properties of soils.
Considerable work has been done to provide theoretical
definitions and physical interpretation of these limits.
Grim (8) , after a comprehensive explanation and
discussion of clay mineralogy and its application to
engineering properties, concluded that the Atterberg limits
could be explained as follows. The plastic limit, according
to Grim, is a measure of the water content slightly in
excess of the amount that the particle surface can absorb
in a highly rigid condition, without creating a sufficient
water thickness between particles to reduce the attractive
forces between them. The liquid limit is a measure of the
water which can be held by the soil with some substantial
rigidity and which does not separate the particles, so
that there is substantially no bonding force between them.
Terzaghi and Peck (21) pointed out that the transition
zone from one state to another does not occur abruptly as
soon as some critical water content is reached, but
rather, occurs gradually over a fairly long range of the
water content. From this reasoning they concluded that
attempts to establish criteria for the boundaries between
the different states of the soil involve some arbitrary
elements
.
Casagrande (4) studied the consistency limits and
provided a standard test device and procedure for the
liquid limit determination. The standard test minimizes
the variation due to different test devices and operator
techniques. Casagrande also suggested that the liquid
limit can be defined scientifically as a shear strength,
that is, the number of blows required to close a standard
groove cut into the soil represents a measure of the
shearing resistance of the soil. Thus, the liquid limit
could be roughly defined as the moisture content at which
2
a soil has a shear strength of approximately 25 gm/cm .
In another study Casagrande (5) , indicated that many
properties of clays and silts could be correlated to
Atterberg limits. He also presented a plasticity chart,
in which the fine-grained materials were classified and
identified according to their liquid limit and
plasticity index.
Seed et.al. (18) examined the physical significance
of Atterberg limits and provided theoretical relationships
between liquid and plastic limits and the clay content of
a soil. In their study, it was indicated that for soils
containing a given type of clay having a constant value
of W .. (liquid limit of clay fraction) , the liquid limit
of a soil is directly proportional to the liquid limit of
the clay fraction and the proportion of the non-clay
particles. It was assumed that the plastic limit of a
soil follows the same behavior as that of the liquid limit.
These relationships are valid only if the non-clay
particles are not in contact, that is when the volume of
the mixture of clay particles and water is greater than
the volume of the voids in the non-clay fractions. In the
same study, the relationship between plasticity index and
liquid limit for organic and inorganic clays was
investigated. Comparing the findings with Gasagrande's
A-line, Seed concluded that there is a good agreement
between the two with minor deviations.
Dawson (6) investigated the reproducibility and the
variation in results of the standard liquid limit test and
recommended that further investigation be made to
delineate the factors that influence the liquid limit
test procedure.
Morris et.al. (10), provided some recommendations for
changes in the liquid limit test to overcome the operator
and equipment variability.
Soil Moisture Tension
Several attempts have been made to develop new
devices and techniques that could be substituted for the
standard method. In this regard, the moisture tension
method offers a new approach for the prediction of both
the liquid and plastic limits.
The moisture tension apparatus was developed by
Richards (13, 14) for measuring the capillary potential
of soils.
Rollins and Davidson (15) investigated the relation-
ship between soil moisture tension and the consistency
limits of a soil. They concluded that there is a certain
pressure intensity corresponding to each soil textural
group which gives, to an accepted degree of approximation,
the liquid limit values for the soils falling within each
group. The moisture tension pressures they recommended
for Iowa soils are those presented in column 1 of Table 1.
Sultan (19), along similar lines, investigated the
moisture tension method using Utah soils. The procedure
for estimating the liquid limit of soils was also based
upon soil textural classification. His results are shown
in column 2 of Table 1.
Russell and Mickle (16) , indicated that the moisture
tension desorption curves (drying curves) follow a certain
trend for each soil textural group. They pointed out that
the composition of the soil sample controls the parameters
that affect the curve shape and suggested that the
sharpness of curvature could be related to the silt-clay
ratio. Moreover, they studied the characteristics of the
moisture tension curves and divided these into three
distinct regions, lower flex, upper flex and the unloading
region between the flexes. These three regions represent
TABLE I . Soil Moisture Tension Recommended For




CLAY 6 (0.2 2) 40 ( 1.44)
SILTY CLAY 15 (0.54) 40 (1.44)
SILTY CLAY LOAM 60 (2.17 ) 120 (4.30) 60 (2.17)
CLAY LOAM 60 (2.17)
LOAM 110 (4.00) 70 (2.53)







SILTY LOAM 60 (2.17) 130 (4.30)
I Results From Rollins and Davidson (15)
II Results From Sulton (19)
HI Results From Russell and Mickle (16)
* Soil Moisture Tension in Inches of Water
** Numbers in Parentheses are Soil Moisture Tension in psi
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the liquid limit, plastic limit and plasticity index
respectively. Figure 1, shows an example of these curves.
In the same study it was indicated that the liquid limit
could be predicted by using certain moisture tension
values which depend upon the soil textural classification.
Their results are shown in column 3 of Table 1.
It can be observed from Table 1 that, for some of the
textural groups, there is a difference among the results
of Rollins and Davidson, Sultan and Russell. Sultan (19)
attributed the difference between his results and those of
Rollins and Davidson to the probable use of soils with
different mineralogical content and geological origin.
Later, Sultan (20)
,
pointed out that the difference in
results among the three studies could also be attributed
to the use of textural classification or the gradation of
the material as the governing factor in the determination
of the liquid limit by moisture tension method.
Uppal (22) , provided a scientific explanation for
evaluating the plastic limit by moisture tension method.
Uppal' s tests were conducted on soils compacted to bulk
3density of 1.6 gm/cm and with plastic limits ranging
from 17 to 34 percent moisture content. He indicated that
the plastic limit of soils has physical existence as a
definite point on the moisture tension curve under certain
controlled conditions. The plastic limit corresponds to
I Id ' uoilgti •Jfttlion
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the moisture content at PF* 0.5 on the wetting curve or
PF 1.5 on the drying curve. The results correlated very
closely with the ASTM Standard Test results, and the
procedure minimized human error. However, his procedure
is not practically usable because a period of 40 to 45
hours is required for the equilibrium moisture content
to be reached.
In the same study Uppal pointed out that in testing
plastic soils, the moisture contents on wetting and drying
curves were widely different at low PF values, such as
0.5 to 0.6. The tests on non-plastic soils, which were
conducted using sand samples compacted at a dry bulk
density of 1.3, 1.4 and 1.55 gm/cm , the moisture content
was the same on both curves (absence of hysteresis at a
PF value of 0.5). From these results he proposed that
non-plastic soils could be identified by utilizing the
moisture tension relationship curves.
Livneh et.al. (9) investigated the possibility of
correlating soil suction with the plastic limit and the
plasticity index. The studies were carried out on 20
soils classified into three groups. The criteria of
classification were the grain-size distribution and values
*PF logarithm of the tension in centimeters of water.
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of the liquid limit. They concluded that in the range of
2 to 4.2 PF (approximately 1.4 psi to 230 psi) a relation-
ship between the moisture content and the corresponding
suction value (PF) could be expressed by:
PF * a + b log W
where a and b are constants depending only on the soil
type, and W is the moisture content. They also suggested
another linear relationship between the logarithm of the
plasticity index of a soil and the corresponding suction
value (PF) and between the logarithm of the plastic limit
and the corresponding (PF) . However, the correlation
between PF and log PI was better than that with the
plastic limit. The intersection of the suction curves,
obtained by the method used in their work, with the linear
relation between PF and log PI gives a predicted value
for the plasticity index. However, this method also
depends upon soil classification.
Nishio (11) investigated the relationship between the
moisture content as determined by the moisture tension
method and the consistency limits for Indiana soils. He
conducted his research using natural and artificially
prepared soils (varying gradation) from the same natural










2Q ) , where (WC.) is the
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moisture content of the soil sample at i psi moisture
tension, are well correlated with the liquid and plastic
limits and plasticity index of the soil. These results
were shown to be valid regardless of the textural
classification of the soils as established by previous
researchers. From the analysis of the predicted values
obtained by using the moisture tension method, Nishio
indicated that the variation between the predicted values
were within the variation of the observed values as
obtained by the ASTM Standard Method.
In the same research, Nishio studied the relationship
between WC- and wC- and using a plot between these two
factors, he suggested an arbitrary boundary line
delineating the non-plastic materials from the plastic
materials.
Based on the above study, it can be concluded that it
should be possible to apply the moisture tension test
using two pressures (3 psi and 20 psi) on a soil to
estimate its consistency limits regardless of its textural
classification. However, it is noticed that each of the
previous researchers used a certain procedure for soil
samples preparation. Rollins and Davidson (15) , used the
procedures outlined in the U.S.D.A. Handbook No. 60 (23),
and stated that this procedure must be followed carefully
because the moisture tension results are affected by the
initial moisture content. Russell and Mickle (16) after
15
a brief study of the effect of the initial condition on
the test results, used a modified version of the procedure
used by Rollins and Davidson. Nishio (11) , also used a
slightly different procedure for the preparation of the
samples. Additional attention should be directed to study




Moisture Tension Method Equipment
The apparatus used in this investigation essentially
consisted of a ceramic plate extractor capable of holding
three ceramic plates. Each ceramic plate is approximately
10-1/4" in diameter and of a design permitting the tests
to be run in the to 1 bar pressure range. Usually it is
designated as the "1 bar ceramic plate". A description
of the moisture tension method apparatus was presented
in detail by Nishio (11).
Soil samples are placed in rubber rings (2" inner
diameter and 1/2" high) on the ceramic plates which are
mounted in the extractor. A maximum of twelve soil
samples can be placed on each plate. When the pressure
is applied in the extractor, excess water from the soil is
forced out of the extractor through the ceramic plate
cells and the outflow tubes. The flow ceases as the
equilibrium moisture state is reached.
Materials
This investigation was conducted using thirty-eight
soils obtained from Indiana State Highway Commission. The
liquid limit values of these soils ranged from 18 to 50
17
percent moisture content, while the plasticity index
values were less than 21 percent moisture content.
The soils were classified into four groups, using the
liquid limit-plasticity index relationship as indicated
in the plasticity chart in Figure 2. The four groups are
as follows:
1. Inorganic clays of low to medium plasticity,
silty clays, lean clays, as indicated by the
symbol CL.
2. Inorganic silts and silt clays, as indicated by
the symbol ML.
3. Inorganic clays and silts of low plasticity, as
indicated by CL § ML.
4. Non-plastic materials, mostly silty sands.
Table 2 shows the plasticity data and grouping of the
soils. The portion of the soil passing the No. 40 sieve
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TABLE 2. Soil Groups As From The Plasticity Chart
SOIL NO.
*
LL PL** PI f SOIL GROUP
1 25.6 15.4 10.2
2 25.3 15.8 9.5
3 4 2.9 26.5 16.4
14 48.1 27.0 21.1
17 40.6 22.8 17.8










22 27.6 19.1 8.5
23 30.6 17.8 12.8
24 28.2 17.1 II.
1
25 28.8 16.8 12.0
26 26.7 19.1 7.6
29 24.2 17.2 7.0










34 49.4 30.2 19.2
5 19.3 14.6 4.7
6 20.1 14.0 6.1
7 21.6 16.2 5.4
8 18.5 13.6 4.9
27 22.5 15.6 6.9 CL a ML
28 21.1 14.1 7.0
30 18.9 13.9 5.0
31 20.3 14.6 5.7
32 18.9 13.9 5.0
TABLE 2 , Cont.
20






























* Average of 4 Replicates For The Liquid Limit
* * Average of 4 Replicates For The Plastic Limit
t Plasticity Index
tt Values in Porentheses Were Obtained From One Test Only
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DESIGN OF THE EXPERIMENTS
The experiments utilized in this research were
statistically designed to permit an objective analysis
of the factors given below.
Each soil type was first split into as many samples
as needed for the entire research. This procedure was
carried out to insure the homogeneity of the samples, that
is, to have identical representative samples for each soil
The experimental designs for various phases of this
investigation are as follows:
A. Study design: effect of method of preparation
of soil samples on moisture tension test results.
A 3x5x6 factorial design was used in this phase
of the investigation. The three independent
factors were:
1. replications of experiment, R
2. method of preparation, M
3. soil type, S.
The replications of the entire experiment were
necessary to provide appropriate tests for the
analysis. The dependent or the measured variable
was the moisture content of the soil samples
22
obtained from the moisture tension method, at
10 psi pressure intensity.
B. Study design: reproducibility of the liquid and
plastic limits obtained by the standard ASTM
test procedures.
A 28 x 4 completely randomized design was used.
The measured variables were the liquid limit and
the plastic limit as obtained by the standard
tests. The tests were performed on the 38 soils
at random to remove the bias introduced by
learning effect or the time factor. Ten soils,
which were non-plastic, were excluded from the
analysis
.
C. Study design: prediction of the liquid limit
and plastic limit of a soil by the moisture
tension method.
A linear regression analysis was used to develop
prediction models for liquid and plastic limits.
A separate model was evaluated for each of the
6, 10, 12 and 18 psi pressure intensities. Both
disaggregate and aggregate data were used in the
analysis
23
D. Study design: reproducibility of moisture
tension method results.
A 4 x 38 randomized complete block design was
utilized. Four replications of the tests on 38
soils constituted the blocks. This blocking
technique had to be used because of the nature
of the experiment. A test utilizing all the 38
samples had to be completed before the replicate
test could be run. The dependent variable was
the equilibrium moisture content obtained at a
pressure intensity of 10 psi.
E. Study design: time factor effect on the moisture
tension method results.





3. soil type, S.
The measured variable was the moisture content of
the soil sample at 10 psi. After performing the
analysis, Newman-keuls test was run on the
treatment (time factor) means. The same design
was used for the 18 psi pressure intensity.
24
TEST PROCEDURES
Standard Tests for Atterberg Limits
The liquid and plastic limits were determined in
accordance with ASTM designations, D 423-61T and D 424-59
respectively (2). Four replicate tests were performed
on each soil used in this study.
Moisture Tension Test
Each soil sample of 50 grams weight was put into a
jar (the portion of soils used was that portion passing
the No. 40 sieve fraction). A sufficient amount of
distilled water was added and mixed until the point where
the soil mass could be slowly poured out of the jar, with
care taken that it was not so wet as to have free water
on the surface when standing. The samples were allowed
to stand in the capped jars for two hours before placing
them on the plates.
The ceramic plates were placed in the extractor and
wetted with distilled water prior to placing the soil
samples on the plate (see Figure 3) . Twelve rubber rings
of 2" inside diameter and 1/2" height were placed on the
plate. Each soil sample was remixed and a sufficient
amount was placed in the rubber rings on the plate using a
25
FIGURE 3. The Extractor and The Ceramic Plate
Cell ( From Nishio )
26
spoon. Care was taken to insure that the mixing and
preparation process was consistent to minimize the effect
of pore sizes and state of packing on the test results (16).
The tubes were next connected and the lid of the
extractor closed and tightened with bolts. The end of
the outflow tubes were kept constantly under a small
amount (± 1") of water in a beaker to insure outflow into
a constant environment as far as humidity was concerned
and to check against air leaks (16) . Pressure was then
applied and adjusted to the required value. The pressure
was maintained for 24 hours to reach an equilibrium state.
At the close of a run the outflow tube was pinched to
prevent possible back flow of water when the pressure in
the extractor is released. The pressure was released and
the lid of the extractor was opened after 24 hours.
The soil samples were transferred to containers and
the moisture content of these samples was determined in
accordance with ASTM D 2216 - 6 3T.
Tests for Method of Preparation Study
To study the effect of methods of preparation of the
soil samples on the moisture tension test results, five
methods were used. Six soil types were used in this
investigation. The soils used were: Nos. 2, 4, 8, 9, 11
and 34 (see Table 2)
.
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Tests were run to determine the moisture content of
the soils using each of the five methods of preparation,
under 10 psi pressure intensity. Three replications for
the entire test were run. The following is a brief
description for the methods of preparation used:
Method No. 1
Method 1 was the procedure outlined in U.S.D.A.
Handbook No. 60 (23) , as suggested by previous work (15)
:
"Approximately 30 grams of a representative
sample of the soil was placed in a one-half pint
fruit jar, and sufficient water was added at one
time to bring it nearly to the saturation point.
Where a large number of samples was being
prepared, as many jars as needed were lined up
in a row, and the soil was placed in them.
Sufficient water was then added to each sample
to bring it nearly to the saturation point.
Each sample in turn was then brought to the
saturation point, by slowly adding more water
and mixing with a spatula.
To determine the end point of saturation,
the soil mass was transferred to one side of
the jar. If the soil slowly flowed when the
jar was tipped to an angle approximately 60
degrees with the horizontal, saturation was
assumed. The jars were then capped, and the
samples were allowed to stand for an hour or
more, after which they were again checked for
saturation. The saturated soil was then




The second method was that used by Russell and
Mickle (16) . The samples were mixed with distilled
water to the point where the soil mass could be slowly
poured out of the jar, with care taken that it was not so
28
wet as to have free water on the surface when standing.
The soil samples were allowed to stand in capped jars for
about four hours (minimum) and then placed in the rings
on the plate. An excess of water, to an appropriate
depth of 1/4 inch, was placed on the plate. The saturated
samples were allowed to stand at least 16 hours on the
plates, then pressure was applied.
Method No. 3
Method No. 3 was that outlined by Nishio (11)
:
"Each soil sample is put into a glass jar
filled with distilled water to aid in extracting
air from the soil particles, the sample and
water were first agitated with a spoon. The
soil was left standing for 24 hours with
approximately 1" height of excess water.
About 50 gm of soil was necessary for one run
of test.
After a period of 24 hours the excess
water on the surface of the soil in the jar
was removed taking care not to disturb the
soil sample in the jar. The ceramic plates
were wetted with distilled water prior to
placing the soil on the plate. .. .After the
soil on the plates is placed in the extractor,
air pressure was applied "
Method No. 4
In this method each soil sample of 50 grams weight
was put into a jar. Sufficient amounts of distilled
water were added and mixed till the point where the soil
mass could be slowly poured out of the jar, with care
taken that it was not so wet as to have free water on the
surface when standing. The samples were allowed to stand
in the capped jars for two hours before placing them on
the plates. The ceramic plates were placed in the
extractor and wetted with distilled water prior to placing
the soil on the plate. Each soil sample was remixed and
a sufficient amount was placed in the rings on the plate.
Method No. 5
This was the same procedure as in Method 4, except
that no time was allowed for the samples to stand in the
jars. That is, each soil sample was placed on the ceramic
plate and tested just after the mixing process.
Tests for Atterberg Limits-Moisture Tension
Relationships Study
Previous studies indicated that the region between
the upper and lower flex points in the moisture tension
curves could represent the plasticity index of the soil
(16). Furthermore, the interpretation of the two pressure
intensities, 3 psi and 20 psi, used by Nishio (11),
relative to the moisture tension curves obtained in his
study showed that the two values approximately
correspond to the two flexes.
To determine the Atterberg limits-moisture tension
relationships, four pressure intensities of pressure (6,
10, 12 and 18 psi) were used. These pressure intensities
lie in the range (3-20 psi) in which the soil samples
exhibit plastic behavior.
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For each pressure intensity and using the previously
described moisture tension test procedure, the moisture
content of each soil was determined. For each of the
pressure intensities, four replications were utilized.
Tests for Effect of Time
To study the effect of the time on the moisture
tension method results, five soils (Nos . 14, 19, 22, 24
and 34, Table 2) which were expected to require
relatively longer equilibrium times were used. Two
pressure intensities (10 psi and 18 psi) were used in this
test. For each pressure intensity, the moisture content
of each of the soil samples was determined after applying
the pressure for different periods of time (1, 4, 8, 12,
16 and 24 hours) . A new run was made for each time
period to insure that the soil samples were always fresh
and had not been subjected to any other pressure prior to
the test. The tests were run according to the moisture
tension test procedure described.
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ANALYSIS AND RESULTS
Effect of Method of Preparation on Moisture Tension Results
To study the effect of method of preparation of the
soil samples on the moisture tension test results, a
randomized complete block design (split-plot design) was
used. This design resulted in the following linear model:
Y ijk = »» + R i + 6 (i) + Mj + ™ij + W (ij) + Sk +
RS ik MSjk RMSijk E (ijk)
where
Y. ., the measured variable, i.e., moisture content
1J K
at 10 psi pressure intensity
jj true mean effect for the population




M. - true effect of the methods of preparation
S, * true effect of the soil types
6,.^ first restriction error, zero df, NID(o,a 2 g )
W,..v second restriction error, zero df, NID(o,a 2 )
(.1J j w
E,..,v - true random error, zero df, NID(o,a 2 )(13k)
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The other terms denote the interactions among the factors




In the ANOVA model, the main effects M and S are
fixed while the effect R is random. The linear model was
formulated on the basis of the following assumptions:
homogeneity of variance, normality, additivity and
independence of errors. As there was only one
observation for each treatment combination, it was
difficult to test the validity of these assumptions.
However, analysis of variance is a fairly robust
statistical method and is relatively insensitive to
violations of the assumptions of normality and homogeneity
of variances
.
Table 3 summarizes the results of the analysis of
variance of the test data. The tests for the significance
of main effects and interaction effects were performed at
a 5$ level of significance (a = 0.05). Significant and
non-significant effects are denoted by the letter "S" and
"NS", respectively.
Before proceeding with an examination of the analysis
of variance, it would be in order to explain the linear
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The nature of this phase of the study resulted in
restrictions on randomization at various stages of the
experiment, consequently causing "splits" in the design.
The first restriction error S,-^ appears because of the
blocking effect due to replications of the experiment.
The second restriction error Wp-^ results in the model
because restrictions on randomization occurred between
the methods of preparation of the soil samples. For this
reason the tests for main effects and interactions are




= o, so that the mean square of the interaction
(RMS) could be used as an estimate of error mean square.
The tests for significance were performed as
indicated by the arrows shown in Table 3. The main effect
(methods of preparation) was tested against the (RM)
interaction effect. The interactions (RS) and (MS) were
tested using the error estimate. To test the significance
of the replications R, a conservative test was made
utilizing the error estimate. For more detailed
information and discussion, the reader is referred to
Anderson and McLean (1)
.
A study of the main effects and interactions indicates
the following:
1. There was no significant influence of the effect
of methods of preparation of soil samples on the
moisture tension method results.
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2. The soil type and method of preparation inter-
action effect (MS), was significant.
3. The effect of replication (R) of the experiment
did not have any significant effect on the
moisture tension method results.
4. The interaction effect between the replications
(R) and the soil types (S) was not significant.
From the previous results it is concluded that:
1. The use of the moisture tension method provides,
as expected, a high reproducibility of test
results. This is due to the nature of the test
equipment and procedure, which minimize the
operator variability and experimental error.
2. The method of preparation of the soil samples
had no significant effect on the moisture tension
test results. This conclusion, however, should
be viewed with some caution as the test results
apply only to the inference space constituted by
the soil test samples and methods of preparation
that were used. Since the interaction between
the method of preparation and soil type was
significant, it is possible that for a certain
soil type the methods of preparation may have a
significant effect on the moisture tension test
results.
36
Figure 4 shows a plot of the test data resulting
from the method of preparation study. Graphs were drawn
through the average values obtained from each set of the
three repeat measurements. It should be noticed that
allowing the saturated samples to stand for longer times
before running the test (Method No. 3) gives relatively
higher moisture content values.
Since the methods of preparation evaluated in this
phase of the study did not have a significant bearing on
the moisture tension test results, the choice of a method
of preparation of soil samples became primarily a function
of convenience and economy of time. Method No. 4 was
selected as it best met this criteria. It should be
noted that consistency in the method of mixing and
preparing the soil samples is of essential value in
minimizing changes in the pore sizes and packing state
of the soil samples which could affect the moisture
tension test results.
Consistency Limits by the Standard Method
The liquid and plastic limits were determined for
the thirty-eight soils. A single operator tested four
replicates of each soil sample in a completely randomized
order. The liquid and plastic limits of the soils along
with their mean and standard deviation values are shown



















FIGURE 4. Effect of Method of Preparation on The
Moisture Tension Test Results







1 2 3 4
1%) (%) (%) (%) (%) (%)
1 25.70 25.60 25.60 25.40 25.58 0.13
2 25.10 25.40 24.80 25.80 25.28 0.43
3 44.80 41.00 43.50 42.30 42.90 1.63
4 30.00 30.00 27.00 28.40 28.85 1.45
5 20.10 18.90 19.00 19.00 19.25 0.57
6 20.30 20.30 19.80 20.10 20.13 0.24
7 22.30 22.60 20.20 21.20 21.63 1.15
8 18.80 18.70 17.90 18.70 18.53 0.42
9 — N.P.




14 48.70 50.10 47.40 46.00 48.05 1.76
15 (18.10)* 18.10
16 N.P.
17 41.00 39.70 41.30 40.20 40.55 0.73
18 41.00 39.90 39.30 38.30 39.63 1.13
19 36.10 36.20 34.30 35.90 35.63 0.89
20 33.40 33.40 32.90 33.50 33.30 0.27
21 27.20 26.20 26.30 25.30 26.25 0.78
22 27.60 27.00 28.00 27.70 27.58 0.42
23 31.70 30.00 29.80 30.80 30.58 0.87
24 28.40 28.40 27.40 28.60 28.20 0.54










1 2 3 4
(%) (%) (%) (%) (%) (%)
26 27.20 27.00 26.50 25.90 26.65 0.58
27 22.90 22.70 22.40 22.00 2 2.50 0.39
28 21.50 21.30 20.60 21.10 21.13 0.39
29 24.30 24.70 24.00 23.80 24.20 0.39
30 18.70 19.00 19.20 18.70 18.90 0.25
31 20.80 19.90 20.10 20.30 20.28 0.39
32 18.90 19.00 18.50 19.20 18.90 0.29
33 47.90 45.50 46.00 46.20 46.40 1.04










AVERAGE STANDARD DEVIATION 0.69
» Values in Parentheses Were Obtained From One Test Only







1 2 3 4
(%) (%) (%) (%) (%) (%)
1 15.30 15.40 15.10 15.80 15.40 0.29
2 15.40 16.20 16.00 15.40 1575 0.41
3 26.80 26.90 2670 25.60 26.50 0.61
4 25.30 24.50 24.80 25.60 25.05 0.49
5 14.70 14.30 14.60 14.60 14.55 0.17
6 13.60 14.00 14.10 14.30 14.00 0.29
7 16.80 16.20 15.80 15.80 16.15 0.47
8 13.10 14.10 13.50 13.80 13.63 0.43
9 N.R




14 26.80 27.30 26.90 26.80 26.95 0.24
15 — (15.60)* 15.60
16 — N.P.
17 22.50 22.60 22.60 23.50 22.80 0.47
18 21.10 21.90 21.70 22.40 2 1.78 0.54
19 24.60 24.40 24.20 25.10 24.58 0.39
20 19.40 20.80 18.60 19.20 19.50 0.94
21 16.00 16.20 16.50 16.20 16.22 0.21
22 19.10 18.60 19.10 19.70 19.13 0.45
23 18.10 17.80 1 7.40 17.70 17.75 0.29
24 17.00 17.50 16.50 17.10 17.03 0.41
25 16.90 16.60 16.70 16.90 16.78 0.15
41






1 2 3 4
(%) (%) (%> (%) (%) (%)
26 19.00 19.00 1 9.00 19.20 19.05 0.10
27 15.90 15.20 15.70 15.60 15.60 0.29
28 14.10 14.30 13.80 14.10 14.08 0.21
29 16.70 17.20 18.10 16.90 17.23 0.62
30 13.80 13.70 13.90 14.10 13.88 0.17
31 14.50 14.60 14.50 14.90 14.63 0.19
32 13.70 13.80 13.80 14.10 13.85 0.17
33 29.30 29.20 30.70 30.80 30.00 0.87





AVERAGE STANDARD DEVIATION 0.38
* Values in Parentheses Were Obtained From One Test Only
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The mean liquid limit values ranged between 18.53%
and 49.40! moisture content. The average standard
deviation of replicates from the mean was approximately
0.69 percent moisture content, the largest standard
deviation was 1.76 percent moisture content. The plastic
limit values ranged between 13.63% and 30.20% moisture
content. The average standard deviation of the replicates
from the mean was approxirately 0.38 percent moisture
content, the largest standard deviation was 0.87 percent
moisture content.
To study the reproducibility of the standard liquid
and plastic limit results, the analysis of variance was
based upon a completely randomized design using the model:





Y. . » measured variable
u true mean effect of the population
S. true effect of the soil type
2
E r . ... = random error, NID(0,o )
The subscripts assume the values:
i = 1,3,3,4
j - 1,2 28
In the ANOVA model, the mean effect S is fixed.
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Table 6, summarizes the results of the analysis of
variance of both liquid limit and plastic limit test data.
It is concluded that the error variations of the liquid
limit (the variation between tests of a given soil) is
larger than that of the plastic limit test results. In
other words, the plastic limit test results are relatively
more reproducible than the liquid limit test results.
In addition, it should be recalled that since there is no
replication effect for the moisture tension method (refer
to Table 3, page 33 and Tabic 16, page 72) it is indicated
that the learning effect by the operator is minimal.
Hence, it is suggested the method has an inherent
advantage over the standard test function's point of view.
Prediction of Liquid and Plastic Limit of Soils
by the Moisture Tension Method
In this phase of the study, the equilibrium moisture
content of the soil samples was determined utilizing four













































































the moisture tension method were: 6, 10, 12 and 18 psi.
For each pressure intensity four replicate tests were run.
Linear regression models were hypothesized to study
the relationships between the measured variables, liquid
limit and plastic limit and independent variable, WC- (the
symbol WC- will be used to represent the moisture content
obtained under i psi pressure intensity) . A separate
model was evaluated for each of the four pressure
intensities. Non-plastic soils were excluded from the
study.
The data for the regression analysis were handled in
two different ways. The first was designated as "random
combination" and the other as "average values".
Random Combination
In the random combination scheme, the four liquid
limit values for each soil were randomly combined with
the corresponding four moisture content values obtained
at a given pressure intensity to form a set of four
readings. The process was repeated for the plastic limit
data.
The data obtained for the 28 soil samples were
tested for homogeneity of variance. The results of Foster-
Burr test are shown in Table 7.
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Table 7. Foster-Burr Test for Homogeneity of Variance
Variable Degree of No. of Q c<. .. . Q^ • * • ,
r j 01 ^Statistic ^CriticalFreedom Samples
LL 3 28 0.0877 0.092**
PL 3 28 0.0776 0.082*
* a » 0.01 ** a = 0.001
In the case of the plastic limit data, the test
showed no significant difference in the variance at the
II level of significance. The homogeneity of variance
test for the liquid limit data was not significant at 0.1%
level of significance. The assumption of the homogeneity
of variance was accepted and there was no need of
transforming the dependent variables.
Average Values
In the "average values" scheme, the mean value of
the four replicates of the liquid and plastic limit tests
for each soil was used as the dependent variable.
Similarly, the mean WC value for each soil was used as
the independent variable.
In case of 6, 10 and 12 psi pressure intensities, 28
cases were available for the regression analysis, this
number being the same as that of the number of soil types.
In case of 18 psi pressure intensity, only 27 cases were
47
available, as the amount of the soil No. 1 was not
enough to run the moisture tension test.
Interpretation of the Regression Analysis Results
The models obtained from the regression analysis of
the test data were examined and the ones providing the
best fit of the data were selected. The criterion used
to evaluate the best regression equation is based on the
coefficient of determination, R . The coefficient of
determination is the ratio of the variation explained by
the regression equation to the total variation of the
data about the mean. Also, the significance of the
regression was tested by an appropriate F-test at an a
level of 0.05. The residuals obtained from the regression
analysis was examined to determine if they were correlated.
It was observed that the residuals did not show any
predominant trend.
The results of the regression analysis are summarized
in Tables 8 through 11.
An examination of these results indicates that linear
first-order regression models are the most appropriate
for representing the relationship between consistency
limits (LL and PL) and the moisture content WC.. The
















































































































































































































































































































































































































































































































































































































































































































1. The prediction models obtained for both the
liquid and plastic limits show a high
2
coefficient of determination, R . Also, a linear
relationship exists between the liquid or plastic
limit and the equilibrium moisture content for
each of the pressure intensities utilized in
this investigation (6, 10, 12 and 18 psi)
.
2. The regression models obtained for the prediction
2
of the liquid limit show a higher R value than
that obtained for the prediction of the plastic
limit values.
2
3. For the liquid limit prediction models, the R
values remain almost the same (0.92-0.96) with
changes in the pressure intensity. Contrarily,
2for the plastic limit prediction models, the R
values decrease directly with the increase in
pressure intensity utilized. The prediction
2
model obtained at 6 psi has an R value of about
0.95, and that at 18 psi has a R 0.78.
4. Using the average values in the regression
analysis eliminates a part of the variation among
the replicate measurements, which may make the
2
coefficient of determination R misleadingly
high. However, this study indicates that there
2
is very little difference in R due to the use of
the two schemes (random combination vs. average
53
values)
. The use of the prediction models
obtained by utilizing the random combination
scheme could better represent the inference
space for this study.
Prediction Using a Single Pressure
Figures 5 through 12 show the relationship between
the liquid and plastic limit and the moisture content,
WC. for the various pressure intensities. All test data
points were plotted with the prediction equation obtained
using the random combination scheme. On the basis of
these test data, it was decided to study the accuracy of
using a single pressure; 10 psi pressure was selected
2for study. This value was selected since a high R value
was obtained for both the liquid and plastic limit
prediction models for this pressure. Though the models
indicate that utilizing a pressure intensity of 6 ps:




using such a relatively low pressure intensity
requires more experimental control and careful adjustments
of the pressure regulators. The equilibrium moisture
content is a function of the pressure intensity applied.
For low pressure WC . is higher than that obtained under
high pressures. Consequently it was observed that
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n = 112 data points
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FIGURE 5. Relationship Between The Liquid Limit and
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R = 0.94





FIGURE 6 . Relationship Between The Plastic Limit and









LL=-3.5437 + 1.4867 WC
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n - 112 data points
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FIGURE 7. Relationship Between The Liquid Limit and








PL = I 9906 + 0.7736 WC 10
R =0.90
n = 112 data points
10 20 30 40
Moisture Content ( W C (0 in%)
50
FIGURE 8. Relationship Between The Plastic Limit and











LL = -2.7808 + 1.4892 WC
R = 0.95
n = 112 data points
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FIGURE 9. Relationship Between The Liquid Limit and








PL= 2.7698 4-07569 WC
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R = 0.87
n = 112 data points
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FIGURE 10. Relationship Between The Plostic Limit and
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FIGURE II. Relationship Between The Liquid Limit and








PL =3.9766 + 0.7298 WC
R =0.78
n = 108 data points
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Moisture Content (WC,8 in%)
50
FIGURE 12. Relationship Between The Plastic Limit and
Moisture Content at 18 psi
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the containers after releasing the pressure was easier
at 10 psi pressure intensity.
Tables 12 and 13 present a comparison between the LL
and PL values as obtained by the standard ASTM method and
their predicted values as obtained using the moisture
tension method results at 10 psi pressure intensity. The
deviation between the standard LL and PL test results and
the predicted values range from 1 to 2 percent moisture
content. Only in some cases, e.g. soil No. 4, the
deviation in the PL results reaches 5% moisture content
and soils No. 14 and 18 show a deviation of about 6%
moisture content in the LL results. It appears that the
deviations of the predicted LL and PL values from the
observed values are compatible with those obtained in
replicated standard LL and PL test results.
Simplifying the Regression Models
To make the prediction models less cumbersome and
easy to handle, it was decided to simplify the regression
coefficients. As the liquid and plastic limit values are
generally determined to the nearest whole percent moisture
content; rounding off the regression coefficients in the
prediction equations will not affect the results
appreciably. In Tables 12 and 13, the predicted liquid
and plastic limit values obtained by using the following
prediction equations:
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TABLE I?. .Liquid Limit Values Obtained From The Moisture Tension Method
Compared With The Standard Liquid Limit Test Results
SOIL









25 70 19 25 2 5 08 62 25 38 32 31 70 23 57 31 50 20 31 86 -0 16
I
2560 19 26 25 12 48 25 42 18
23 JO 00 2347 31 35
- 1 35 31 70 - 1 70
25 60 19 23 2 5 05 55 25 34 26 29 80 2296 30 59 -0 79 3094 - 1 14
25 40 1905 24 78 62 2508 32 3080 23 55 31.47 -067 31,82 - 102
25 10 1949 25 43 -0 33 25 74 64 28 40 2062 27 11 1 29 27 16 1 24
2
2540 19 31 25 17 23 25 46 -0.06
24 28 40 2044 26 85 1 55 2743 9724 80 19 82 2592 -1 12 26 23 -1 43 27 40 2069 2722 018 2734 - 014
25 80 19.52 2548 32 25 78 02 2860 2091 27 54 1 06 27 86 074
44 80 32 29 4 4 46 34 44 94 14 2960 20 10 2634 326 2665 2 95
3
4 1 00 32 36 4 4 57 -3 57 45 04 -404
25 2750 2002 2622 1 28 26 53 09743 50 32 33 44 52 -1.02 4500 -1.50 29 00 19.37 2525 3.75 25 56 344
42 30 32 57 4488 -2 58 45 36 -3 06 29.10 21 14 2789 1 21 2821 089
JO 00 23 34 31 16 -1 16 31.51 -1 51 27 20 19 54 25 51 1 69 2581 1 39
4 30 00 23 26 31 04 -1 04 31 39 -1 39 26 2700 18 64 24 47 2 53 2476 2 2427 00 2328 31.07 -4,07 31.42 -4 42 2650 19.70 2575 075 2605 045
28 40 24 66 33 12 -4 72 33 49 -5 09 25 90 20.35 2671 -0.81 2702 - I 12
20 10 16 90 21 58 -1 48 21 85 - 1 75 2290 17 94 23 13 -0.23 2341 -051
5
18 90 1701 21 75 -2 85 22 02 -3 12 27 22 70 1756 22 56 -014 22 84 - 01419 00 16 80 21 43 -243 21 70 -2 70 22 40 17 49 2246 -006 2274 - 034
1900 16 98 21 70 -2 70 21 97 -2.97 22 00 17.58 22 59 -059 2287 -0 87
20 30 17 36 2227 -1 97 22 54 -2 24 21.50 16.91 21 60 -0 10 21 86 -036
6 20 30 1727 22 13 - 1 83 22 40 -2 10 28 21.30 1647 2034 036 21 20 aio19 80 1755 22 55 -2 75 22 82 -3 02 2060 16 44 2090 -0.30 21.16 - 56
20 10 17 22 22 06 - 1 96 2233 -223 21 10 16.51 2100 0.10 2126 0.16
22 50 1522 1908 3 42 19 33 3 17 24 30 17 II 2 89 241 22 16 2 14
7
2260 15 50 1950 3 10 19 75 2 85 29 24 70 16 83 21 48 322 21 74 2 9620 20 1443 1791 229 18 14 2 06 2400 16 92 21.61 239 2188 2.12
21 20 14 98 1873 2 47 18 97 221 2380 1662 21 17 2.63 21 43 2.37
18 80 16 64 21 20 -2 40 2146 -2 66 1870 16 14 20.45 - 1 75 2071 - 201
8 18 70 16 60 21 14 -2 44 21 40 -2 70 30 1900 1 5.92 20 13 - 1 13 20.38 - 1.3817 90 16 35 2076 -2 86 2102 -3 12 19 20 15 58 1962 - 042 19 87 -067
1870 16 50 2099 -2 29 2125 -255 18 70 1571 1981 - Ill 2006 - 1.36
19 50 1792 23 10 -3.60 23 38 - 3 88 20.80 1675 21 36 -056 2162 -082
10
20-80 17 95 23 14 -2 34 2342 -2 62
31
1990 1660 21.14 - 1 24 21 40 - 1 50
1990 18 08 2334 -3 44 23 62 -3 72 20 10 1682 2146 - 1 36 21.7 3 - 1 63
19 90 18 19 2350 -3 60 2378 - 3 88 20 30 1675 21 36 - 1.06 2162 - 1 52
48 70 32 37 44 58 4 12 45 06 3 64 18 90 1581 19 96 - 106 2Q22 - 1.32
14
50 10 31 88 43 85 625 44 32 5 78 32 1900 1558 19 62 -062 1987
-087
47 40 31 77 4369 371 44 16 324 1850 1538 19 32 -082 19 57 - 1.07
46.00 31.81 43.75 2 25 4422 1 73 19.20 1522 1908 0.12 19.33 -0.13
4100 27 72 37 67 3 33 38 08 2.92 47.90 33 80 46 71 1 19 47 20 070
17
39 70 2723 36 94 2 76 37 34 2 36 33 4550 3379 4669
- 1 19 47 18 - 168
41 30 3C 38 41 62 -0 32 42.07 - 077 46.00 34 37 47.56 - 1 56 4806 - 2 06
4020 2993 4095 -0 75 41 40 - 1 20 4620 3426 47.39 - 1 19 4789 - 1.69
4100 2693 36 40 451 36 90 4 10 49 60 37 10 51.61 - 1.81 52 15 -2.35
18
39 SO 26 49 35 84 406 36 24 366 34 4990 3645 50.65 -075 51.18 - 1 2839 30 26 13 35 30 400 35 70 3.60 48 40 36 86 51 26 -2 86 51 79 -3 39
33 30 25 97 35 07 323 35 46 284 4940 3770 52 51 — 3.1
1
5305 - 3 65
36 10 28 10 38 2 3 -2 13 3865 - 2 55
19
36 20 29 02 39.60 - 3 40 4003 - 3 83
34 30 27 74 37 70 -3 40 38 It - 381
35 90 26 13 38.28 - 2 38 3870 - 280
dard ASTM Method Results
33 40 2321 3036 2 44 31 32 2 08
20 33 40 22 97 30.61 2 79 3096 244













C Liqu d Limit as Predicted From The Equation
LL = -3 5437+1 4867 WC (027 20 2002 26 22 98 2653 067
21












-0.20 e Liqu d Limit as Predicted From The Equation
LL=-3.5+l 5WC|
2760 20 20 2649 1 II 2680 080
22 27 00
1944 25 36 1.64 2566 1.34
28 00 I9 60 2589 2 II 26 20 . 1.80
27.70 19.54 25.51 2.19 25.81 1.89
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TABLE 13 .Plastic Limit Values Obtained From The Moisture Tension Method









15 30 19 25 1688 - 1 58 16 44 - 1 14
1540 1928 1691 -151 16 46 - 1 06
15 10 1923 16 87 - 1 77 1642 - 1.32
15 80 1905 1673 - 093 16 29 - 0.49
15 10 19 49 1 707 - 1 67 16 62 - 1 22
2
16 20 19 31 1693 -073 16 48 - 0.28
16.00 1 9 82 17.32 -1 32 16 86 - 086
15 40 1 952 17.09 - 1.69 1664 - 1 24
26 80 32 29 26 97 -0 17 2622 - 058
3
26 90 32 36 27.03 -013 26 27 - 063
2670 32 33 2700 -0 30 26 25 43
25 60 32 57 27 19 - 1.39 26.43 -0.83
25 30 2334 2005 5.25 1950 5 80
4 24 50 23 26 19 99 451 1944 5 062480 2328 2000 4 80 19 46 5 34
25 60 24 66 21.07 453 2050 5 10
1470 16 90 1507 -0.37 1468 002
5
1430 1701 15.15 -085 1476 - 046
1460 16.80 1499 -0.39 14 60 - 000
1460 16.98 1513 -0 53 14 74 - 14
13 60 17.36 15 42 - 1 82 15.02 - 1 42
6
14 00 1727 15.35 - 1 35 14.95 - 095
14 10 1755 15 57 - 1.47 15.16 - 1.06
14 30 17 22 15.31 - 1.01 14.92 - 62
16 80 1522 1377 3.03 13 42 3 38
7
16 20 15.50 13 98 222 13 62 2 58
15 80 1443 13 15 265 1282 2 98
15 60 14 98 1358 2.22 13 24 2.56
13 10 16 64 I4 86 - 1 76 14 46 - 1 38
8
14 60 1660 1483 -023 1445 13
13 50 16.33 14 64 - 1 14 1426 -0 76
13 80 16.30 1476 -0.96 14 38 -0.58
1600 17.92 15 85 15 15 44 0.36
10
1660 17 93 15 88 0.72 1546 1 14
16 60 1806 15 98 62 1556 1 04
16.20 18 19 16 06 14 15 64 0.56
26 80 32 37 2703 -023 26 28 0.52
14
27 30 31 88 26 66 064 25.91 1 39
26 90 31.77 26.57 033 25 83 1 .07
2680 31 81 26 60 20 25 86 0.94
22 50 2772 2344 -0 94 2279 -029
17
22 60 27.23 23 06 -0.46 22 42 18
22 60 30 38 25.49 - 2 89 2478 -2 18
23.50 2993 25 15 - 1.65 24.45 -0.95
21 10 26 93 22 83 - 1 73 22.20 - 1 10
18
21 90 2649 22 49 -0.39 21 87 003
21.70 26 13 22.21 -0.51 21 60 10
2240 25 97 2208 0.32 21 48 92
2460 28.10 23.73 087 23.08 1.52
19
24.40 29 02 24 44 - 004 2376 0.64
2420 27.74 2345 07 5 22 80 1 40
2510 26.13 23.75 1 35 23 10 2.00
19.40 23.21 19 95 -0.55 1341 - 001
20 2080 2297 1976
104 1923 1 57
I8 60 2366 20 30 - 1 70 1974 - 1 14
19 20 24.16 20 68 - 1 48 20 12 -092
1600 2002 17,48 - 1 48 1702 - 102
21
16 20 1992 17.40 - 1 20 16 94 - 074
16 50 19.02 16 71 - 021 16 26 24
1620 19 33 16 95 - 0.75 16 50 - 0.30
19 10 20 20 1762 1 48 17 15 1 95
22
I860 1944 17.03 1.57 16.58 2 02
19 10 19.80 1731 1 79 16 85 - 2.25











18 10 23 57 2023 -2 13 1968 - I 58
23
17 80 2347 20 15 - 2 35 I9 60 - 1 80
17 40 22 96 19 73 - 2 35 19 22 - 1 82
17 70 23 55 2021 - 251 19 66 - 1.96
17.00 2062 1794 -0.94 17.46 - 046
24 1750 2044 17 80 -030 1733 0171650 20 69 18 00 - 1 50 1732 - 102
17 10 2091 18 17 - 1.07 17.68 -0 58
16 90 20 10 1754 - 0.64 1708 -0 18
25 16 60 20.02
1748 - 088 17 02 -042
16 70 19.37 16 98 -0.28 1653 017
16 90 21.14 1835 - 1.45 17 86 -096
19 70 19 54 17 11 2.59 1666 2 04
26 19.00 1884 16
57 2.4 3 16 13 2 87
19.00 1970 17 23 1.77 16 78 222
19.20 20.35 17.73 1 47 17 26 1 94
1590 17 94 15 87 003 15 46 044
27 15 20
17 56 15 58 0.38 15.17 003
15 70 1749 15 52 18 15.12 , 038
15.60 17.58 15 59 001 IS 18 042
14 10 1691 15 07 -097 1468 -Q58
28 1430 16.47 14.73
- 043 1435 -0O5
13.80 1644 14.71 - 0.91 1433 -0.53
14.10 16 51 14 76 -066 14 38 - 0.28
16 70 17 11 15.23 1 47 1483 1 87
29
17.20 1683 1501 2.19 1462 2 58
18.10 16 92 1508 302 14 69 3.41
16 90 16 62 1485 2 05 14 46 244
13.80 16 14 1448 - 068 14.10 -030
30 13.70 15 92 14.31
- 061 13 94 -024
13 90 1558 14 04 - 0.14 13 68 -022
14.10 1571 14.14 -0.04 13 78 032
14 50 16.75 14 95 -045 14 36 -006
31
14.60 16 60 1483 -0 23 14 45 0(5
14 50 16 62 1500 -050 14 62 -OI2
14 90 1675 14.95 -005 14.36 0.34
13 70 1581 1422 -0 52 1386 - 16
32
13 80 15 58 14.04 -0 24 13 68 012
13 80 15 38 13.89 -009 13 54 0.26
1680 1522 13.77 3.03 13.42 3.38
29 30 33 80 28.14 1 16 27 35 l 95
33 2920
33 79 28 13 1 07 2734 1 86
3070 3437 2858 2 12 27 78 2 92
1080 34 26 28 50 2.30 2770 3 10 1
3050 37 10 30 69 -0.19 2982 066 1
34 30 10 3645 30 19 -0 09 29 34 Q76 J29 50 36 86 30.51 - 1.01 2964 -014 |
30.70 37.70 31.16 -0 46 3028 042 I
a Standard ASTM Method Results
b Moisture Content ot lOpsi Pressure Intensity
c Plastic Limit as Predicted From The Equation
PL= 1.9906 + 7737 WC|0
d Deviation , Standard Minus Predicted Values
e Plastic Limit as Predicted From The Equation
P~L= 2.0 + 0.75 WC,
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LL = -3.5 + 1.50 WC
10 (1)
PL •= 2.0 + 0.75 WC
1Q (2)
are compared with the standard LL and PL test results.
The deviations of predicted values from observed values,
obtained by using the simplified models 1 and 2 are almost
the same as the deviations that resulted from using the
original models
.
Detecting of Non-Plastic and Low Plasticity Soils
This aspect of the study is concerned with the
identification of non-plastic* soils by the moisture
tension method. The moisture contents (WC.) of the non-
plastic soils were obtained by using four different
pressure intensities. Study of the moisture content
values indicated WC values of the non-plastic soils had
an approximate upper-bound limit depending upon the
pressure intensity used. Similarly, for the soils
exhibiting a plasticity index (PI) less than 3% as well
as those with P.I.'s between 31 and 6%, the moisture
content (WC) values were within specific ranges. These
limiting values for various pressure intensities are
shown in Table 14.
*Non-plastic soils are defined as those, sandy or non-
cohesive soils for which it is difficult or impossible
to determine the plastic limit.
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Table 14. WC. Ranges for Non-Plastic and Low Plasticity
Soils
WCi Range for WC; Range for WCi Range for
Non-Plastic Soils with Soils with
Pressure Soils PI < 3% (3% < PI < 6%)
6 psi <10* 10-15 15-20
10 psi < 9 9-14 14-19
12 psi < 8 8-13 13-18
18 psi < 7 7-12 12-17
*Values are in percent moisture content.
Therefore, it appears that non-plastic soils can be
identified by their WC. values.
Figure 13 shows the relationship of the liquid and
plastic limits with the moisture content values WC-, at
various pressure intensities. These relationships can be
divided into several distinct segments. The lowest
segment "A" indicates the non-plastic region, the region
"B" signifies the range from non-plastic to a PI < 3% and
region "C" approximates the WC values for soils
exhibiting PI values between 3 and 6 percent. The region
beyond "C" is for soils exhibiting a PI greater than 6
percent.
Reproducibility of Moisture Tension Test Results
The test data obtained from the previous tests on the

























Soils With PI< 3%
Soils With (3%<PI<6%)
PL = 4.0+0.75 WC
PL = 2.8 + 0.75 WC

















FIGURE 13. Relationship of Liquid and Plastic Limits With
The Moisture Content at Various Pressure
Intensities
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to study the reproducibility of the moisture tension test
results. Four replicates were available for each soil
type.
Table 15 shows the WC, values along with their mean
and standard deviations. The average standard deviation
for the replicates from the mean value is approximately
0.33 percent moisture content, the highest is 1.57 percent
moisture content.
The analysis of variance was based upon a randomized












Y. • - measured variable, moisture content of the
soil sample under 10 psi pressure intensity
\i = true mean effect of the population
R. true effect of the replicates, NID(0,a 2 R )
6,.. restriction error, due to blocking effect,
NID(0,a 2
6 )
S. true effect of soil type
RS-. interaction effect between R. and S.
^fi-n * within error, NID(0,a
2 ).
The subscripts assume the values
i - 1,2,3,4
j - 1,2 38
The main effect R is random while the main effect S is
fixed.
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1 2 3 4
(%) (%) (%) (%) (%) (%)
1 19.25 19.28 19.23 19.05 19.20 0.10
2 19.49 19.31 19.82 19.52 19.54 0.21
3 32.29 32.36 32.33 32.57 32.39 0J3
4 23.34 23.26 23.28 24.66 23.64 0.68
5 16.90 17.01 16.80 16.98 16.92 0.09
6 17.36 17.27 17.55 17.22 17.35 0.15
7 15.22 15.50 14.43 14.98 15.03 0.45
e 16.64 16.60 16.35 16.50 16.52 0.13
9 5.80 6.19 6.10 5.70 5.95 0.23
10 17.92 17.95 18.08 18.19 18.04 0.02
II 5.45 5.66 5.40 5.62 5.53 0.13
12 3.11 3.16 3.20 2.96 3.11 0.1
1
13 5.97 6.28 5.15 5.71 5.78 0.48
14 32.37 31.88 31.77 31.81 31.96 0.28
15 13.18 13.39 12.04 12.47 12.77 0.63
16 11.30 10.65 11.55 10.32 10.96 0.33
17 27.72 27.23 30.38 29.93 28.82 1.57
18 26.93 26.49 26.13 25.97 26.38 0.43
19 28.10 29.02 27.74 28.13 28.25 0.55
20 23.21 22.97 23.66 24.16 23.50 53
21 20.02 19.92 19.02 19.33 19.57 0.48
22 20.20 19.44 19.80 19.54 19.75 0.34
23 23.57 23.47 22.96 23.55 23.39 0.29
24 20.62 20.44 20.69 20.91 20.67 0.19








1 2 3 4
(%) (%) (%) (%) (%) (%)
26 19.54 18.84 19.70 20.35 19.61 0.62
27 17.94 17.56 17.49 17.58 17.64 0.20
28 16.91 16.47 16.44 16.51 16.58 0.22
29 17.11 16.83 16.92 16.62 16.87 0.20
30 16.14 15.92 15.58 15.71 15.84 0.25
31 16.75 16.60 16.82 16.75 16.73 0.09
32 15.81 15.58 15.38 15.2 2 15.50 0.26
33 33.80 33.79 34.37 34.26 34.06 0.30
34 37.10 36.45 36.66 37.70 37.03 0.52
35 13.75 13.95 13.84 14.02 13.89 0.12
36 3.40 3.24 3.20 3.36 3.30 0.09
37 14.50 14.30 14.15 14.40 14.34 0.15
38 12.85 13.10 12.79 13.00 12.94 0.14
AVERAGE STANDARD DEVIATION 0.33
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Table 16 summarizes the analysis of variance. In
this model it was assumed that a 2 RS °» so that the mean
square attributed to the interaction source (RS) , could
be used as the error estimate. From the ANOVA the effect
of the replicates on the test results turns to be not
significant using a 0.25. This means that the hypothesis
of non-significance of the effect of replicates may be
accepted.
From the previous results it is concluded that the
moisture tension method results (WC ) are independent of
the effect of repeat measurements. In other words, the
moisture tension method has a high degree of reproducibility,
Time Factor Study
The moisture content WC. , obtained by the moisture
tension method is a function of the loading time. As the
loading time increases the moisture content WC . decreases,
until an equilibrium state is attained after which the
change of WC with time becomes negligible.
Figure 14 through 16 show the relationship between
the moisture content, WC , and the loading time for the
five soils used in this study. The moisture content, WC,,
values are the average of two measurements. Pressure
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FIGURE 14. Effect of Time on The Moisture Content — Soils
No. 19 and 14

















































FIGURE 15. Effect of Time on The Moisture Content — Soils
No. 22 ond 24





















FIGURE 16. Effect of Time on The Moisture Content — Soil
No. 34
(Moisture Content Values are the Average of Two Tests)
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The test data were examined statistically in two
parts. The first step was to perform an analysis of
variance to obtain an estimate of error. This information
was needed for a comparison test (Newman-Keuls test) on
the time factor treatment means.
The analysis of variance was based upon a randomized
complete block design (RCBD) , using the following linear
model
:
Y.., = u + R- + 6,. y + T. + RT.. + W/..., + S, +ljk 1 (1) j ij (ij) k
RS..+ TS., + RTS. ., + E,. ., slk jk ljk (ljk)
where
Y. ., = the measured variable, moisture content ofljk '
the soil samples
R. = true effect of the replicates, NID(0,a 2 R )
T. = true effect of the time factor
S, * true effect of the soil type
6 , . s first restriction error, zero df, NIDCO^ 2
^)
W,... = second restriction error, zero df, NID(0,o 2 ')
E,..,^ true random error, zero df, NID(0,a 2 )(ljk)
The other terms denote the interaction among the factors





In the ANOVA model, the main effects T and S are fixed
while R is random.
This type of experimental design has been described
in detail in a preceding section of this thesis. The
analysis of variance results are not shown as this
analysis was performed primarily to obtain an estimate
of error for the Newman-Keuls sequential range test.
Newman-Keuls sequential range test was conducted to
perform a comparison test on the time factor treatment
means. Tables 17 and 18 show Newman-Keuls test results
for two test conditions of 10 psi and 18 psi pressure
intensities respectively.
The results of the analysis indicate:
1. Using 10 psi pressure intensity, the WC. values
obtained after a loading time of 16 hours are
not significantly different from the WC. values
obtained after a loading time of 24 hours.
2. Using 18 psi pressure intensity, the WC. values
obtained after a loading time of 8 hours are
not significantly different from those obtained
after 12 hours or greater.
A limitation of the above conclusions must be borne
in mind. The soils used for the tests to study the effect
of time factor, had a maximum plasticity index of about 20
Consequently, these conclusions may not hold for soils
having high plasticity indices (e.g., high plastic clays)
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TABLE 17 .Newman -Keuls Sequential Ronge Test For The Time
Factor Study ( Pressure Intensity lOpsi )
Error Mean Square = 0.0675 (Obtained From ANOVA)
Degree of Freedom = 25
No. of Observations Per Treatment = 10







Tests of Differences Between The Means
RANK 6 5 4 3 2
1
2.43** **2.30 1.71 1.18 0.9.**
2 1.52** 1.39** 0.00** 0.26*
3 I.2S** 1.13** 0.54**^^-^
4 0.72** 0.59**





TABLE 18 .Newman -Keuls Sequential Range Test For The Time
Factor Study (Pressure Intensity I8psi)
Error Mean Square =0.2752 (Obtained From ANOVA)
Degree of Freedom = 25
No. of Observations Per Treatment = 10
LOADING TIME IN HOURS RANK OF MEANS MEANS
f 1 27.99





Tests of Differences Between The Means
RANK 6 5 4 3 2
1
2.58** 2.37 2.02 1.94 * 0.95
2 1.63** 1.42** 1.07** 0.99**
3 0.64 0.43 0.08 ^^
4 0.56 0.35
5 0.21 » Significant at oc




which may require relatively longer times to attain the
equilibrium state.
Verification of the Proposed Mathematical Models
To verify the proposed relationships, additional soil
samples with previously determined test values weTe
obtained from a highway commission laboratory outside
Indiana. A total of 144 samples were selected in a
randomized manner representing a large range in soil
texture. The liquid limits of these samples ranged
between 15 and 80 percent moisture content; the highest
plasticity index was 60 percent moisture content. The
moisture tension method test was run on these samples at
a pressure intensity of 10 psi.
Liquid Limit Relationships
The liquid limit prediction model,
LL = -3.50 + 1.50 WC 1Q (1)
was applied to the check samples data. The coefficient
2
of determination, R , resulting from applying model No. 1
to the check samples data was 0.89. A plot of standard
LL values vs. WC,
Q
for the check samples together with
model No. 1 are shown in Figure 17. The deviations of
the predicted values from the standard values using







Original Regression Model Developed in This Research
LL = - 3.50+ 1.50 WC,
Best Fit Regression Line Developed For The 144
Check Samples
+ /LL = -4.38 +I.45WC
10
10 20 30 40
Moisture Content (WC, in%)
FIGURE 17. Relationship Between The Liquid Limit and
Moisture Content at lOpsi For The Check
Samples (144 data points)
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In order to investigate the possibility of a better
fitting model for the check samples, a regression anal/sis
was made. The analysis resulted in the following linear
2
model with a coefficient of determination, R » 0.92.
LL = -4.38 + 1.45 WC 1Q (2)
A plot of this model is shown in Figure 17 . The deviations
of the predicted values from the standard values using
model No. 2 are summarized in Table 19.
Table 19. Summary of Deviation of Predicted LL Values
From the Standard Values
Deviation 3 Model No. l b Model No. 2 C
No. of No. of
Samples Samples
1-2 65 (45 . 2%)
d 87 (60.51)
3-4 42 (29.21) 36 (25%)
>4 37 (25.61) 21 (14.5%)
aStandard LL minus predicted LL in percent moisture content
bUsing the model: LL = -3.50 + 1.50 WC 10
cUsing the model: LL - -4.38 + 1.45 WC 1Q
Values in parentheses are percent of data falling within
a given range of deviation
It is observed that model No. 2 results in smaller
deviations from the standard LL values for the check data
as compared with model No. 1.
The next step in this analysis was to statistically
compare models 1 and 2. Both models have a general form
of the type:
LL - b bj WC 1Q (3)
Ninety-five percent confidence limits on the intercept b
n




Similarly the 95% confidence limits of the slope b, of
model No. 1 resulted as: 1.42 < B, < 1.55
It is seen that the slope b, of model No. 2 lies
within the confidence limits for B
1
shown above. This
was true for the intercept b„ of model No. 2.
The difference in the intercept values may be
attributed to the fact that model No. 1 was developed
using the LL data obtained by a single operator at Purdue
University Pavement Design Laboratory, whereas model No. 2
was based on LL data obtained by several operators. Hence,
the shift in intercept values is attributed primarily to
operator variability. In any case it may be inferred
from this analysis that a linear model is perhaps the
best fit to define the LL vs WC,p relationship.
The high coefficient of determination for model No. 1
was obtained by using 144 check samples. Some of the
data points were found to lie outside the inference space
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of the postulated prediction model. This indicates that
the LL prediction model is even valid for data lying out-
side its inference space.
Plastic Limit Relationships
A plot of standard PL vs. WC.
n
data for the check
samples is shown in Figure 18. It is obvious that a
linear model is a poor fit for the check sample data. A
correlation analysis of PL and WC, for the check samples
resulted in a simple correlation coefficient, r » 0.63.
During the development of the plastic limit prediction
model, it was suggested that the model be only used for
prediction of plastic limits of soils having a PI < 21
percent and a LL < 50 percent. This constitutes the
inference space of the model. Some of the check sample
data lie outside the inference space indicated above. In
order to satisfy the limitations of the prediction model,
only the data lying inside the prescribed range were
included for the analysis (91 data points). The plastic
limit prediction model,
PL « 2.0 + 0.75 WC 1Q (4)
the best fitting linear regression model,
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FIGURE 18. Relationship Between The Plastic Limit and
Moisture Content at lOpsi For The Check
Samples (144 data points)
86
and the reduced data (91 data points) are shown in Figure
19. Model No. 5 resulted in a coefficient of
2determination, R = 0.60. The simple correlation
coefficient, r, between PL and WC,
n
for the reduced data
increased to 0.78
The deviation of predicted values, using both models
4 and 5 from the standard plastic limits are summarized
in Table 20.
Table 20. Summary of Deviation of Predicted PL Values
from the Standard Values
a b cDeviation Model No. 4 Model No. 5
No. of No. of
Samples Samples
1-2 19 (21%) d 57 (62.51)
3-4 27 (29.5%) 29 (32%)
> 4 45 (49.51) 5 (5.5%)
aStandard PL minus predicted PL in percent moisture content
bUsing the model: PL = 2.0 + 0.75 WC 10 .
cUsing the model: PL = 4.77 + 0.54 WC 1Q
Values in parentheses are percent of data falling within
a given range of deviation.
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Original Regression Model Developed in This Research
PL = 2.0 + 0.75 WC,
Best Fit Regression Model Developed For The 91
Check Samples
PL = 4.7 7 + 0.54 WC^
40 r
Moisture Content (WC| in%)
FIGURE 19. Relationship Between The Plastic Limit and
Moisture Content at 10 psi For The Check
Somples ( 91 data points )
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Though the coefficient of determination of the best-
fitting linear regression of model No. 5 is generally low,
it is observed that the error resulting from the use of
this model for the plastic limit is compatible with the
reproducibility criteria for standard PL values.
Non-Plastic and Low Plasticity Soils
It was observed that the ranges of WC, Q values
postulated for non-plastic and low plasticity soils are
valid for the check sample data. These ranges are
indicated in Figures 17 and 19.
Interpretation of the Analysis for the Verification
of the Prediction Models
The liquid limit prediction model showed good agree-
ment with the best-fitting linear regression model for the
check samples data. A linear relationship for these
parameters explains 92% of the variation in the data.
The plastic limit model resulted relatively poor
prediction of the plastic limit values of the check
samples. The analysis to determine the best-fitting
2linear model for the check sample data resulted in an R
value of 0.60. This low value can possibly be explained
by the fact that forces other than capillarity affect
the moisture tension test results, especially in the case
of clays. Baver (3) suggested that the water holding
capacity of soils is a function of the clay content, the
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type of clay minerals, amount of organic matter and
porosity. It is possible that different mineralogical
characteristics and origin of the check soils may have
caused the differences observed during the verification
of these models. Further, some of the difference can be
attributed, to the operator variability.
The ranges of WC, Q values suggested previously for
non-plastic soils as well as those with low plasticity
remained the same for the check sample data as for the




All conclusions stated herein are limited to the
materials and tests used in this study. The results of
this study may be summarized as follows.
1. Within the range of procedures studied herein
the method of preparation of soil samples did
not significantly influence the moisture tension
test results. However, the interaction between
the soil type and method of preparation was
significant. This suggests that for some soil
types the method of preparation may have an
effect on the test results. To circumvent this
possibility, it is suggested that a standardized
method of preparation of soil samples be used.
This method is that designated as Method No. 4
in this thesis.
2. Linear relationships were developed between the
consistency limits (LL and PL) and the moisture
content, WC, obtained at 6, 10, 12 and 18 psi
pressure intensity. These relationships offer
the possibility of using linear models,
correlating the consistency limits with the
91
moisture content, WC , for predicting liquid and
plastic limits.




a) The proposed liquid limit prediction model
may be used with confidence for the
prediction of liquid limit values by using
the moisture tension test method at a
pressure intensity of 10 psi.
b) Though some linearity exists between the
plastic limit and WC,
n
data obtained by
using the check samples, the correlation was
relatively low (r = 0.78). This suggests
that forces acting during the moisture
tension test are extremely complex. This
conclusion should be carefully considered
since the soil samples used for checking the
proposed models were obtained from a
different geographical location and may not




4. The non-plastic and low plasticity soils can be
identified by their WC. values, as obtained by
the moisture tension method.
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5. The results of replicate tests showed that the
standard plastic limit tests were relatively
more reproducible than the standard liquid test.
Contrarily, the moisture tension method shows a
high degree of reproducibility at all times. The
high degree of reproducibility of the moisture
tension test lends emphasis to its potential
utility as a routine test.
6. The time factor study indicated that, using a
pressure intensity of 10 psi, the loading time
of 16 hours gave WC,
n
values not significantly
different from those obtained after 24 hours.
Further, for 18 psi pressure intensity a loading
time of 8 hours was enough to obtain WC values
that were not significantly different from the
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